Using Super Learner, a machine learning statistical method, we assessed varicella zoster virus-specific glycoprotein-based enzymelinked immunosorbent assay (gpELISA) antibody titer as an individual-level signature of herpes zoster (HZ) risk in the Zostavax Efficacy and Safety Trial. Gender and pre-and postvaccination gpELISA titers had moderate ability to predict whether a 50-59 year old experienced HZ over 1-2 years of follow-up, with equal classification accuracy (cross-validated area under the receiver operator curve = 0.65) for vaccine and placebo recipients. Previous analyses suggested that fold-rise gpELISA titer is a statistical correlate of protection and supported the hypothesis that it is not a mechanistic correlate of protection. Our results also support this hypothesis.
For any vaccine that confers protection against an infectious disease outcome, it is important to develop immune response markers that are "correlates of protection. " Within randomized, controlled, preventive vaccine efficacy (VE) trials, correlates can be assessed by measuring pre-and postvaccination immune responses via a case-cohort or nested case-control sampling design, and studying the statistical relationship of these markers with the outcome and with the level of VE to prevent the outcome. For VE trials of preventative herpes zoster (HZ) vaccines, the following questions arise: [3] and Gilbert et al [4] showed that the anti-varicella zoster virus (VZV) antibody level fold-rise prevaccination to 6 weeks postvaccination was a strong CoR and CoP in the phase III Zostavax Efficacy and Safety Trial (ZEST), and thus useful for defining subgroups with low or high average risk of zoster disease and for defining subgroups with low or high vaccine efficacy. However, antibody level was not assessed as a signature of risk. The current report makes this assessment using state-of-the art machine learning methodology.
METHODS
ZEST (NCT00534248) randomized 22 439 individuals aged 50-59 years with a history of VZV in 1:1 allocation to receive 1 injection with Zostavax (Merck) or placebo, and followed them for an average of 1.3 years for occurrence of the primary study endpoint, "confirmed HZ disease" [3, 4] . A case-cohort sampling design was used to measure prevaccination (day 1) and week 6 glycoprotein-based enzyme-linked immunosorbent assay (gpELISA) anti-VZV antibody [3, 4] . The gpELISA assay was optimized and validated at Merck Research Laboratories and is based on the quantitative detection of antibodies to VZV glycoproteins that have been purified from VZV-infected human fibroblasts [5] . This assay provides an alternative to commercial kits, which have poor sensitivity for detection of anti-VZV antibodies. Measurements were made in a 10% random sample of all participants drawn at enrollment (cohort) and in all participants who experienced the HZ study endpoint after week 6 (cases).
Statistical Analysis
Using the ZEST data set, we applied Super Learner [6] to estimate P(HZ|W, A, S), the probability of HZ occurrence during follow-up conditional on various fixed values of (W, A, S), where W is baseline variables (age, gender, day 1 gpELISA titer), A is treatment assignment (Zostavax or placebo), and S is week 6 gpELISA data (week 6 titer, fold-rise in titer from day 1 to week 6). Super Learner has three steps: (1) define a large library of statistical algorithms (eg, logistic regression or the LASSO), each of which estimates P(HZ|W, A, S); (2) quantify the classification accuracy of each algorithm via cross-validation; and (3) Cross-validated area under the receiver operator characteristic curve (CV-AUC) for 60 statistical algorithms. For ZEST subjects assigned to placebo and Zostavax, each horizontal line shows the point and 95% confidence interval estimate of the CV-AUC for a given statistical algorithm for estimating P(HZ|W, A, S). The algorithms consider inputs W = (age, gender) in the first-row facet (9 algorithms); W = (age, gender, day 1 titer) in the second-row facet (9 algorithms); W = (age, gender) and S = (week 6 titer, fold rise) in the third-row facet (9 algorithms); and W = (age, gender, day 1 titer) and S = (week 6 titer, fold-rise, average of day 1 titer and week 6 titer) in the fourth-row facet (33 algorithms). The Super Learner was fit using the SuperLearner R package, with candidate algorithms Bayes generalized linear model (GLM; SL.bayesglm), GLM (SL. glm), GLM with interactions (SL.glm.interaction), sample mean (SL.mean), generalized additive model (SL.gam), random forest (SL.cforest), and gradient boosting (SL.xgboost). Demo = demographic information (age in years and gender).
algorithms yielding the best cross-validated accuracy. Super Learner was applied to the ZEST data with the SuperLearner R package and 60 statistical algorithms (Figure 1 ), for each of multiple treatment arm-stratified input variable sets defined based on (W, S), with weighting of subjects by reciprocals of probabilities they were sampled for measurement of day 1 and week 6 gpELISA titers (code provided at https://github.com/alexluedtke12/zoster).
Step (2) was implemented using cross-validation with the data set repeatedly divided into 13 of 15 parts (training sets) and the remaining 2 of 15 parts (test sets) and cross-validated area under the receiver operator curve (CV-AUC) as the accuracy criterion. CV-AUC reflects the probability that a future randomly sampled HZ case has a higher estimate of P(HZ|W, S) than a future randomly sampled HZ noncase, where 0.5 indicates no classification capacity and 1.0 indicates perfect classification. Figure 1 shows the Super Learner analysis results. For the placebo group, the best model, considering age and gender has CV-AUC = 0.6 (top left panel), which is driven by higher HZ risk in women than men [4] . When adding titer data CV-AUC increases to 0.65, where any titer information (day 1, week 6, foldrise, or average of day 1 and week 6) provides the same CV-AUC. For the vaccine group, age, gender, and day 1 titer have no capacity to predict HZ (CV-AUCs ≤ 0.5, top right panel), whereas the Gradient Boosting models considering week 6, fold-rise, or average titer between day 1 and week 6 all achieve maximum CV-AUC at about 0.65 (bottom right panel), similar to the placebo group. Thus, gender plus any titer information for the placebo group and week 6 titer information for the vaccine group (regardless of gender) provide similar ability to classify HZ outcome moderately well. This assessment of "moderate" performance is based on normative standards for reasonably diagnostic biomarkers.
RESULTS

DISCUSSION
While previous analyses of the ZEST showed that immune response markers based on anti-VZV gpELISA antibody titers yield strong CoRs and CoPs for HZ, the Super Learner classification analyses show that these markers do not yield a strong signature of HZ risk. This shows that a marker can be good at discriminating subgroups with low versus high disease risk or low versus high VE on average-which is very useful for multiple applications-yet have limited ability to determine which specific individuals will experience the disease endpoint. Because the Super Learner methodology optimally selects between different machine learning approaches and their combination for building signatures of risk, this finding may provide compelling evidence that VZV-specific gpELISA antibody titers are not a strong signature of HZ risk (eg, [6] ). One potential issue is that the most predictive Super Learner model may be a combination of multiple models, hindering interpretation. In addition, Super Learner analysis is contingent on the specific metric used to measure classification accuracy and a single metric may not capture all relevant aspects of classification accuracy. These challenges may be addressed by including interpretable models in Super Learner and repeating the analysis using multiple classification accuracy metrics. Another potential issue is that the optimized and validated gpELISA assay still showed intraassay and interassay variabilities exceeding 10% (14% and 17%, respectively), with overall precision (percent relative standard deviation of assay results obtained across different analysts, assay days, VZV glycoprotein lots, and tissue culture cell lots) estimated at 23% [5] . Thus, the gpELISA titer markers that were studied could have had significant portions of their interindividual variability due to technical measurement error, which would diminish their ability to predict HZ.
Our analysis illustrates the value in assessing immune correlates of multiple types/concepts to better understand marker merits and limitations. In addition, the finding that gpELISA titers are not an excellent signature of HZ risk motivates the study of additional markers for improving classification accuracy. Systems vaccinology of high-dimensional markers (eg, cell subpopulation analysis [7] ) may also warrant consideration.
Notes
